Karrikins are butenolide compounds present in post-fire environments that can stimulate seed germination in many species, including Arabidopsis thaliana. Plants also produce endogenous butenolide compounds that serve as hormones, namely strigolactones (SLs). The receptor for karrikins (KARRIKIN INSENSITIVE 2; KAI2) and the receptor for SLs (DWARF14; D14) are homologous proteins that share many similarities. The mode of action of D14 as a dual enzyme receptor protein is well established, but the nature of KAI2-dependent signalling and its function as a receptor are not fully understood. To expand our knowledge of how KAI2 operates, we screened ethyl methanesulphonate (EMS)-mutagenized populations of A. thaliana for mutants with kai2-like phenotypes and isolated 13 new kai2 alleles. Among these alleles, kai2-10 encoded a D184N protein variant that was stable in planta. Differential scanning fluorimetry assays indicated that the KAI2 D184N protein could interact normally with bioactive ligands. We developed a KAI2-active version of the fluorescent strigolactone analogue Yoshimulactone Green to show that KAI2 D184N exhibits normal rates of ligand hydrolysis. KAI2 D184N degraded in response to treatment with exogenous ligands, suggesting that receptor degradation is a consequence of ligand binding and hydrolysis, but is insufficient for signalling activity. Remarkably, KAI2 D184N degradation was hypersensitive to karrikins, but showed a normal response to strigolactone analogues, implying that these butenolides may interact differently with KAI2. These results demonstrate that the enzymatic and signalling functions of KAI2 can be decoupled, and provide important insights into the mechanistic events that underpin butenolide signalling in plants.
INTRODUCTION
Fire is normally considered a destructive force for plants, with forest fires prevalent in many regions of the world; however, natural ecosystems show remarkable post-fire recovery, in part through the rapid recruitment of seedlings from the soil seed bank. Using a bioassay-guided search, a series of compounds capable of stimulating seed germination was isolated from burnt plant material (Flematti et al., 2004 . Collectively known as karrikins, these compounds are abiotic, environmental signals. Six karrikin analogues have been described, among which KAR 1 and KAR 2 are generally the most active across a range of species, including Arabidopsis thaliana Nelson et al., 2009) .
Chemically, karrikins are classified as butenolides: a type of lactone that has a four-carbon heterocyclic ring structure. Although karrikins are exogenous, plants also synthesize a class of butenolide hormones called strigolactones (SLs) . SLs are carotenoid-derived compounds that were first isolated from root exudates as seed germination stimulants for root-parasitic weeds in the Orobanchaceae (Cook et al., 1972) . More recently, SLs were shown to stimulate symbiotic root fungi, and thus promote beneficial plantfungal associations (Akiyama et al., 2005; Besserer et al., 2006) . About a decade ago, SLs were recognized as endogenous plant hormones that could regulate plant shoot architecture, in particular shoot outgrowth (GomezRoldan et al., 2008; Umehara et al., 2008) . SLs have received increasing attention in recent years, particularly with respect to molecular signalling mechanisms (Bennett and Leyser, 2014; Waters et al., 2017) . At the same time, investigations into the karrikin response pathway have shown that signalling pathways of both types of butenolide compound share many molecular features in common (Waters, 2017) . Thus, studies into karrikins have informed our understanding of SLs, and vice versa.
The receptor for SLs is known as DWARF14 (D14), and its paralogue KARRIKIN INSENSITIVE 2 (KAI2; also known as HYPOSENSITIVE TO LIGHT or HTL) is the likely receptor for karrikins. Both D14 and KAI2 proteins share many similarities in structure and function. Phylogenetic analyses suggest that, through ancient gene duplication events, D14 and KAI2 have evolved and diversified from a common ancestor present in charophyte algae Bythell-Douglas et al., 2017) . Classed as a/b-fold hydrolases, the overall structure of KAI2 and D14 is globular: they consist of a core domain of seven a-helices and seven b-sheets, linked to a flexible lid domain composed of four a-helices. In both proteins, the conserved catalytic triad that confers hydrolytic activity consists of Ser, His and Asp residues, located in the bottom of a hydrophobic pocket (Hamiaux et al., 2012; Bythell-Douglas et al., 2013; Kagiyama et al., 2013) . This catalytic function is required for D14-dependent SL responses and KAI2-dependent karrikin responses (Hamiaux et al., 2012; Waters et al., 2015b) .
Common to both karrikin and strigolactone signalling pathways is MAX2, an F-box protein that is a part of SKP1-CULLIN-F-box (SCF) class of E3 ubiquitin-ligase complexes (Stirnberg et al., 2002 (Stirnberg et al., , 2007 Gomez-Roldan et al., 2008; Umehara et al., 2008; Nelson et al., 2011) . F-box proteins confer a substrate-specific polyubiquitination process upon target proteins, labelling them for proteolytic destruction via the 26S proteasome (Xu et al., 2009) . In Arabidopsis, AtD14 and KAI2 provide specificity to ligand perception via MAX2, and max2 mutants show the combined phenotype of kai2 Atd14 double mutants Bennett et al., 2016; Waters, 2017) . There is ample evidence that D14 and MAX2 (or their orthologues) interact physically in an SL-dependent manner as part of the SL signalling mechanism (Hamiaux et al., 2012; Jiang et al., 2013; Zhou et al., 2013; Zhao et al., 2015) . More recently, structural data have indicated that the butenolide of SLs first forms a covalently linked intermediate (CLIM) , and that the lid domain of D14 forms an interface with MAX2 following an SL-induced conformational change (Yao et al., 2016) . The surface residues that interact with MAX2 are highly conserved between KAI2 and D14. As such, interactions between KAI2 and MAX2 have long been predicted but less well explored, with the only evidence coming from one set of yeast two-hybrid experiments (Toh et al., 2014) . Downstream of MAX2, SL-dependent signalling triggers the degradation of members of the SUPPRESSOR OF MAX 2 1 (SMAX1) family of proteins, which includes D53 in rice (Jiang et al., 2013; Zhou et al., 2013) , and SMAX1-LIKE 6 (SMXL6), SMXL7 and SMXL8 in Arabidopsis (Soundappan et al., 2015; Wang et al., 2015) . Within this family, SMAX1 and its Arabidopsis paralogue SMXL2 are thought to be targets of the KAI2 signalling pathway to control seed germination and seedling development, based on genetic data (Stanga et al., 2013 (Stanga et al., , 2016 .
Although KAI2 and D14 share many similarities, a number of distinctions or inconsistencies exist in their function. First, both KAI2 and D14 undergo protein degradation as part of the ligand perception process. In the case of D14, this process depends on the presence of MAX2 and on ubiquitination, but KAI2 degradation is MAX2-independent and not related to ubiquitination (Chevalier et al., 2014; Waters et al., 2015a; Hu et al., 2017) . It is also not clear for both KAI2 and D14 proteins whether receptor degradation is a direct consequence of signalling, whereby only functional, active receptors undergo degradation (perhaps simultaneously with SMXL proteins), or whether receptor degradation and signalling are distinct and separable processes. Second, the ligand preferences of each protein are not well understood. At least one structure of D14 in a ligand-bound and apparently active configuration has been solved, which involves the formation of CLIM, initiated by nucleophilic attack from the catalytic serine on the butenolide carbonyl (de Saint Germain et al., 2016; Yao et al., 2016) . A similar mechanism of nucleophilic attack has been proposed for the interaction of karrikins with KAI2 , and there are two published sets of X-ray structural data that interpret the position of karrikin binding in KAI2 (Guo et al., 2013; Xu et al., 2016) . In these two sets of data, however, the ligand KAR 1 sits in different orientations in the KAI2 protein and some distance from the active site, possibly because of the use of different KAI2 homologues (one from Arabidopsis and another from Striga hermonthica). A problem with using karrikins as a ligand is that, at least for most species that are not adapted to fire regimes (such as Arabidopsis), karrikins are not likely to be the optimal ligands for KAI2. Instead, it has been proposed that KAI2 is the receptor for an endogenous karrikin-like ligand ('KL'), the identity of which is unknown but is probably a hydrophobic butenolide compound Conn and Nelson, 2015; Sun et al., 2016) .
Mutant screens have been instrumental in unravelling the complexities of hormone signalling in plants. To understand better the KAI2-dependent signalling system, we undertook two genetic screens for mutants with kai2-like phenotypes. Here, we describe a set of new kai2 alleles and use them to analyse the function of KAI2 in planta and in vitro. In particular, we describe one mutant, kai2-10, that undergoes ligand binding and hydrolysis as normal, but fails to transduce the signal. This mutant, therefore, demonstrates how the processes of ligand binding, downstream signalling and receptor degradation can be decoupled.
RESULTS

Isolation of new kai2 alleles
To understand better the KAI2 signalling system, we undertook two separate screens of ethyl methanesulphonate (EMS) mutagenized wild-type seed for kai2-like seedling and leaf phenotypes. Candidate mutants were first sequenced at the KAI2 locus (At4g37470) before further analysis. From the first screen, using the ecotype Landsberg erecta (Ler), we identified nine new kai2 alleles ( Figure 1a , Table 1 ). One of these alleles, kai2-6, carried two independent mutations in the KAI2 coding sequence (Table 1 ). The second screen, in the ecotype Columbia-0 (Col-0), yielded a further three new alleles, each affecting the protein-coding sequence (Table 1) . A fourth mutation (E173K; kai2-14) was identical to one of those isolated in Ler (kai2-9).
To determine the degree to which the new alleles impaired the ability to transduce a karrikin signal, we performed hypocotyl elongation assays in the presence or absence of KAR 2 , which is the most active karrikin in Arabidopsis (Nelson et al., 2011; Waters et al., 2012) . Treatment with 1 lM KAR 2 caused a large reduction in hypocotyl length (around twofold) in wild-type Ler, but no change was visible in any of the mutant alleles examined (Figure 1b) . At 10 lM, there were slight (but generally non-significant) reductions in hypocotyl length in all mutant genotypes, including the reference allele kai2-2. As kai2-2 is derived from a transposon insertion event and makes no detectable KAI2 protein (Waters et al., 2015b) , it is likely to be a complete null allele. This observation implies that high concentrations of KAR 2 can suppress the hypocotyl length in a manner independent of KAI2. Hypocotyl elongation assays upon Col-0 alleles kai2-14 to kai2-17 using 1 lM KAR 2 yielded similar results ( Figure S1 ). Overall, there were no clear differences in hypocotyl response among the kai2 mutant alleles, suggesting that all alleles were fully non-functional and karrikin insensitive.
One possibility for a strong loss-of-function phenotype is that the mutation impairs protein folding, rendering the protein prone to proteolysis. We next examined whether each allele supported the expression of stable KAI2 protein in planta. Among the nine Ler alleles, one (kai2-10) expressed a protein at levels similar to or higher than the wild type (Figure 1c) . We observed higher levels in kai2-10 on two independent occasions, and yet in other experiments the levels were comparable ( Figure S2 ). A second allele, kai2-9, showed consistently lower levels of KAI2 than the wild type (Figures 1c and S2 ). Protein levels from all other alleles were indistinguishable from the two Ds transposon alleles kai2-2 and kai2-4 ( Figure 1c) . We conclude that these other alleles do not accumulate KAI2 protein to detectable levels and are likely to be complete nulls. Likewise, among the Col-0 alleles, only kai2-14 (E173K, equivalent to kai2-9) produced any detectable protein, but still at levels considerably less than in the wild type ( Figure S1 ). Therefore, with the exception of kai2-10 and possibly kai2-9, the strong phenotypes associated with the other alleles might be ascribed to insufficient protein levels as a result of rapid turnover. We mapped the new EMS mutations onto the KAI2 structure to infer how they might affect protein function and stability. Of the 11 affected residues, only two (E173 and D184) are located predominantly on the surface of the cap domain (Figures 2 and S3 ), and these are the only two mutations to support detectable protein expression in planta (Figure 1c ). The remaining nine affected residues are located within the interior of the core domain (Figures 2 and S3) . Intriguingly, four of these residues are glycines, of which one (G245) is immediately adjacent to the catalytic H246 residue. A further glycine (G133) is mutated in the kai2-1 allele . Having no side chain, glycine is an important component of tight turns in helices and loops; any mutation of these residues might therefore result in substantial disruption to the secondary and tertiary structure. Finally, three mutations resulted in serine-to-phenylalanine substitutions: non-conservative changes that are likely to disrupt a-helix folding (S119 and S225) and catalytic function (S95) (Figure 2) .
The apparent negative impact of internal substitutions is best exemplified by two identical amino acid substitutions -D50N and D184N -that led to very different outcomes for Locations based on protein structure as described by Kagiyama et al. (2013) . protein stability (Figure 1c ). In the case of D50, the residue is largely internal to the core domain and tightly surrounded by surrounding side chains, notably from N9 and T56 ( Figure 2c ). In contrast, D184 is situated on an extremity of the lid domain, exposed to the solvent and free of steric hindrance from nearby residues. Thus, D184N may be better tolerated because it is less likely to interfere with the folding of adjacent regions of the protein.
KAI2 D184N (kai2-10) degrades rapidly in response to KAR 2 treatment
We investigated whether the kai2-10 (D184N) mutant protein would be susceptible to degradation in response to karrikin treatment. We treated wild-type Ler and kai2-10 seedlings with a fixed concentration of KAR 2 for varying lengths of time. KAI2 degradation was detectable in Ler seedlings within 1 h of the addition of 5 lM KAR 2 , but KAI2 protein was still partially visible after 24 h ( Figure 3a) . In kai2-10 mutant seedlings, however, the degradation response was much quicker than in wild-type seedlings, as all KAI2 D184N protein disappeared within 1 h and for all subsequent time points (Figure 3a) . In another experiment, we varied the KAR 2 concentration: 5 lM KAR 2 caused a substantial reduction in KAI2 levels in wild-type seedlings, but a clear band could still be detected even in samples treated with 10 lM KAR 2 ( Figure 3b ). In contrast, 5 lM KAR 2 was sufficient to completely remove KAI2 D184N protein in kai2-10 seedlings after 8 h, and even 0.1 lM KAR 2 induced a noticeable loss of KAI2 (Figure 3b ). Therefore, in terms of protein degradation, KAI2 D184N is between 10 and 50 times more sensitive to KAR 2 than wild-type KAI2. We also tested whether the KAR 2 -hypersensitive nature of KAI2 D184N is the result of some inherent instability of the protein itself. Even after 8 h of treatment with 300 lM cycloheximide to inhibit protein synthesis, however, there were no obvious differences in the KAI2 levels between treatments in either Ler or kai2-10 seedlings ( Figure S2 ), suggesting that wild-type and mutant KAI2 proteins are equally long-lived in the cell.
To establish whether the ligand-induced instability of KAI2 D184N is a general feature of ligand-dependent signalling, we also tested the response of KAI2 D184N to different concentrations of GR24
ent-5DS
. To our surprise, there was no apparent difference in the KAI2 degradation response between Ler and kai2-10 seedlings (Figure 3c ). This result implies that karrikins and strigolactone analogues interact with KAI2 in different ways, leading to different outcomes that are discernible using KAI2 D184N. Nevertheless, together these data imply that karrikininduced KAI2 degradation can occur in the absence of downstream signalling, at least with respect to seedling hypocotyl growth.
KAI2 D184N exhibits a normal ligand-induced thermal shift response
Differential scanning fluorimetry (DSF) reports a change in protein thermal stability induced by interacting ligands. DSF has been used to infer the binding of the strigolactone analogue GR24 and other SL-like compounds to homologues of D14 and KAI2 from several species (Hamiaux et al., 2012; Abe et al., 2014; Waters et al., 2015b; V egh et al., 2017) . These SL-related ligands reduce the proteinmelting temperature with increasing ligand concentration. This change has been interpreted to mean that the protein destabilizes or adopts a new conformation, upon ligand binding (Hamiaux et al., 2012) . For unknown reasons, karrikins do not induce a thermal shift in KAI2, but GR24 ent-5DS does (Waters et al., 2015b) . The catalytic serine residue S95 is essential for this response to GR24 ent-5DS (Waters et al., 2015b) .
We assessed the thermal shift response of KAI2, KAI2 S95A and KAI2 D184N to increasing concentrations of GR24 ent-5DS
. As expected, wild-type KAI2 showed a progressive and substantial overall decrease in melting temperature, with a clear broadening of the melting profile at 100 lM GR24 ent-5DS and above ( Figure 4) . Notably, KAI2
D184N displayed a ligand-dependent melting profile that was essentially indistinguishable from that of the wild-type protein, in contrast to KAI2 S95A, which did not change significantly, even at 200 lM GR24 ent-5DS (Figure 4 ). In addition, and consistent with previous reports, none of the three proteins showed any response to KAR 2 ( Figure S4 ). There was an appreciable difference in melting temperature between SUMO-KAI2 and SUMO-KAI2 D184N (44.6 and 42.5°C, respectively) in the absence of any ligand (Figure 4) . This finding indicates that D184N is slightly more prone to unfolding than the wild-type protein, which in turn might reflect a slightly less stable overall protein structure. Nevertheless, there was no substantial difference in the response to increasing ligand concentration between the wild-type KAI2 and D184N proteins. This result suggests that the karrikin-insensitive phenotype of kai2-10 does not result from a major change in ligand-binding capacity or an inability to undergo conformational change associated with the ligand-protein reaction.
Some substitutions, but not D184N, negatively affect ligand hydrolysis by KAI2
The fluorescent SL analogue Yoshimulactone Green (YLG) has been used to assess the hydrolytic activity of AtD14 and SL-responsive KAI2 homologues from parasitic weeds (Tsuchiya et al., 2015) . To assess whether the D184N substitution affected hydrolytic activity, we first used YLG as a substrate. We found that the activity of KAI2 towards YLG was weak, and that the reliable detection of hydrolysis above the background rate required five times as much KAI2 protein as AtD14. Even so, we were unable to determine any kinetic parameters for the enzyme because the activity failed to saturate with increasing YLG concentration ( Figure 5a ). As such, we could not easily compare the activity of wild-type and D184N protein using this substrate, although the curves were superficially similar (Figure 5a,c) . In contrast, AtD14 showed saturable hydrolytic activity towards YLG (Figure 5e ), yielding K m and V max values consistent with those of previous reports (Tsuchiya et al., 2015) .
In Arabidopsis, KAR 2 is more active than KAR 1 . These two compounds differ only by a methyl group on the butenolide moiety: KAR 2 is desmethyl-KAR 1 . We reasoned that Arabidopsis KAI2 might exhibit greater activity towards a substrate lacking the analogous butenolide methyl group, and thus we synthesized desmethyl-YLG (dYLG; Figure 5 ). With this substrate, wild-type KAI2 showed much improved activity relative to YLG, with clear saturation being evident (Figure 5b ). KAI2 D184N showed essentially similar kinetics, suggesting that hydrolytic activity was unaffected by the mutation (Figure 5d ). Strikingly, AtD14 showed extremely high activity towards dYLG, with a very high catalytic rate relative to YLG, but this activity was essentially non-saturable (Figure 5f ). Overall, these results imply that the hydrolytic activity of each protein is affected dramatically by the presence of a methylated butenolide moiety on the substrate.
We also assessed the effects of other mutations on the hydrolysis activity of KAI2, this time towards GR24. As reported previously (Waters et al., 2015b) , KAI2 exhibited greater hydrolytic activity towards the GR24 ent-5DS stereoisomer rather than GR24 5DS ( Figure S5 ). Using this preferred substrate, we quantified the generation of the formyl ABC-CHO hydrolysis product by LC-MS/MS after 60 min of incubation with various mutant KAI2 proteins. We found that G101D, E173K and G245D substitutions reduced hydrolytic activity to that of the S95A inactive control ( Figure S5 ). Likewise, the activity of the D50N mutant was severely compromised. In agreement with the dYLG assay, however, the D184N variant retained most of the hydrolytic activity of the wild type towards GR24
ent-5DS
, as did A54T ( Figure S5 ).
dYLG is primarily bioactive through KAI2
As YLG and dYLG showed distinct activities as hydrolytic substrates with AtD14 and KAI2, we assessed their bioactivity using hypocotyl elongation assays in wild-type Ler, kai2-2, Atd14-1 and kai2 Atd14 double mutants. Ler seedlings responded equally to 1 lM dYLG and 10 lM YLG, suggesting that seedling hypocotyls are about 10 times more sensitive to dYLG than YLG (Figure 6a ). The kai2 Atd14 seedlings failed to respond to either compound at either concentration, suggesting that all responses to YLG and dYLG come about through either one or both of KAI2 and AtD14. The Atd14-1 mutant showed weak and non-significant responses to YLG, but significant responses to dYLG at both 1 and 10 lM. The kai2-2 mutant showed no response to 1 or 10 lM YLG, nor to 1 lM dYLG, and a much reduced (albeit statistically significant) response to 10 lM dYLG (Figure 6a) . These results suggest, at least with respect to the inhibition of hypocotyl elongation, that YLG is only weakly active, dYLG is considerably more active, and responses to dYLG are predominantly mediated by KAI2.
We also examined the ability of YLG and dYLG to induce changes in the expression of two transcripts, namely SALT TOLERANCE HOMOLOG 7 (STH7; At4g39070) and DWARF 14-LIKE 2 (DLK2; At3g24420). Levels of both of these transcripts respond positively to karrikins and to racaemic (rac)-GR24, are repressed in kai2 mutants and are substantially derepressed in smax1 smxl2 double mutants (Nelson et al., 2010; Waters et al., 2012; Stanga et al., 2016) . Accordingly, STH7 and DLK2 transcripts are good markers for KAI2-dependent signalling. Both transcripts also respond to the activation of AtD14, given a suitable exogenous ligand Scaffidi et al., 2014) . We found that, in Col-0 seedlings, both STH7 and DLK2 transcripts were induced by 2 h of treatment with 1 lM YLG and dYLG (Figure 6b) . In kai2 seedlings, only YLG had any substantial effect on these transcripts, suggesting that YLG readily activates AtD14, but that dYLG is only marginally effective. In contrast, Atd14 seedlings responded positively to both compounds, and more strongly to dYLG than to YLG (Figure 6b ). This suggests that KAI2 can mediate transcriptional responses to both compounds, and that dYLG is generally more active than YLG in this respect. Overall, these data suggest that, to some degree, seedling responses to YLG and dYLG are mediated through both KAI2 and AtD14. Considering just the responses to each compound at the more stringent concentration of 1 lM, however, we conclude that dYLG is predominantly active through KAI2, whereas YLG mainly acts via AtD14 and cannot effectively regulate hypocotyl growth.
We also tested the ability of YLG and dYLG to trigger KAI2 degradation in seedlings. We found that dYLG was considerably more active in this regard than YLG (Figure 6c) . As with GR24 ent-5DS , there was no appreciable difference in the response between Ler and kai2-10 seedlings to dYLG, suggesting that dYLG interacts with KAI2 in a . Accordingly, we considered whether YLG and dYLG could elicit a DSF response with KAI2. Because YLG and dYLG liberate fluorescein when hydrolysed, there was some interference with the signal from the SYPRO Tangerine dye (which reports the unfolding of the protein). This interference was ligand concentration-dependent, and was especially noticeable above 50°C. Nevertheless, it was possible to discern a concentrationdependent effect of both YLG and dYLG on the melting temperature of KAI2 ( Figure S4 ). YLG had a relatively small effect on protein thermal stability, detectable at 25 lM and higher, that was similar in magnitude with wild-type and D184N proteins ( Figure S4) . Surprisingly, a discernible thermal shift was also observed with KAI2 S95A. This result indicates that the observed response to YLG was not fully dependent on the hydrolytic function of the protein, which differs from the S95-dependent responses to GR24 ent-5DS (Figure 4 ). In contrast, dYLG triggered a very dramatic change in protein thermal stability that was essentially saturated at 10 lM in KAI2 and KAI2 D184N, and substantially reduced in the S95A mutant ( Figure S4 ). Together with the hypocotyl and gene expression responses in planta, these data indicate that the activity of KAI2 is more strongly stimulated by dYLG than by YLG, which is consistent with its preferred substrate for hydrolysis.
KAI2 exhibits auto-activation artefacts in yeast two-hybrid experiments
We investigated whether any of the substitutions might affect the ability of KAI2 to interact with its signalling partner MAX2, and the dependency of this interaction on the presence of a bioactive ligand, using yeast two-hybrid screening. First, we examined the optimal direction for the interaction. We found that MAX2 fused to the GAL4 activation domain (AD) and KAI2 fused to the DNA-binding domain (BD), but not the reverse, which initially suggested a specific interaction in the presence of 20 lM rac-GR24, as shown by growth on minimal medium lacking histidine ( Figure S6a ). Next, we recreated several KAI2 mutants in Asterisks indicate significant differences from mock-treated controls: *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant (two-way ANOVA; Dunnett's test). [Colour figure can be viewed at wileyonlinelibrary.com] the BD vector and assayed them for the ability to grow without supplemental histidine. To derive valid conclusions from a yeast two-hybrid experiment, the BD clones should not support growth in the absence of an interaction partner expressed from the AD vector (i.e. MAX2 in this case). On performing these control experiments, we found that wild-type KAI2 and A54T could auto-activate and grow robustly on His-negative medium, even in the absence of AD-MAX2, when 20 lM rac-GR24 was present ( Figure S6b,  c) . Furthermore, the G245D mutant grew on His-negative medium, even in the absence of rac-GR24. Four other KAI2 mutants, including D184N, did not support growth on minimal medium at all, regardless of the presence of AD-MAX2 or GR24 ( Figure S6b,c) . Therefore, on the basis of these data, it is not possible to determine by using this system whether KAI2 and MAX2 interact, or whether any of the KAI2 mutations affect such an interaction. Nevertheless, these findings are partially informative. First, it appears that rac-GR24 induces a change in KAI2 that renders the protein 'sticky', such that it could interact non-specifically with the GAL4 AD alone. Second, and more tentatively, the G245D variant is expressed in a form that behaves similarly to the GR24-activated wild-type protein.
Finally, the other KAI2 mutants either fail to adopt the same form that can support auto-activation or are not stably expressed in yeast. As such, these results are consistent with a model in which KAI2 undergoes ligand-induced conformational change as part of its signalling mechanism, and mutations at key residues can impair this transition.
DISCUSSION
We describe here extensive EMS mutagenesis of the KAI2 locus, isolating 13 new alleles with strong phenotypes. All were recessive and loss-of-function phenotypes. We screened for the characteristic kai2 phenotype of an elongated hypocotyl, epinastic cotyledons and narrow leaves with elongated petioles. With such a stringent mutant screen, we may have missed weaker, missense alleles with more subtle phenotypes. In this screen, we would also expect to obtain max2 mutants, which have a similar phenotype at early growth stages (Stirnberg et al., 2002; Nelson et al., 2011; Waters et al., 2012) . We obtained at least six elongated hypocotyl mutants with an enhanced shootbranching phenotype, consistent with max2, but we did not study them further. Among the kai2 alleles examined, most failed to accumulate the protein, which was therefore assumed to be unstable compared with the wild type. Just one mutant (kai2-10) produced a protein with similar stability to the wild type, albeit a non-functional one. The level of KAI2 protein in kai2-10 relative to the wild type was variable across several experiments (Figures 2, 3 and S2 ), for which we have no compelling explanation. There is no evidence of transcriptional feedback upon KAI2 in kai2-1 or kai2-2 mutants , suggesting instead that posttranscriptional mechanisms may influence KAI2 abundance. It is possible that KAI2 levels are sensitive to slight variations in growth conditions or time of harvest, and that these changes become more prominent in kai2-10. Speculatively, changes in abundance of the putative endogenous KAI2 ligand (KL) might account for variable KAI2 levels via ligand-induced degradation.
The D184N mutation reveals a region of KAI2 crucial for signal transduction KAI2 D184N retains the ability to bind and hydrolyse various substrates, but is signalling negative. Recently, the structure of AtD14 in complex with D3 (the rice orthologue of MAX2) and ASK1 (a component of the SCF complex that stabilizes D3) was solved (Yao et al., 2016) . In this structure, with AtD14 in the ligand-bound state, the flattened lid domain of AtD14 traps a ligand hydrolysis product within the pocket and associates with the leucine-rich-repeat domain of D3. This 'closed' configuration of AtD14 is stabilized by D3 (Yao et al., 2016) . D184 is highly conserved between D14 and KAI2 proteins across diverse taxonomic groups (Bythell-Douglas et al., 2017) , suggesting that this residue is crucial for proper protein function. In AtD14, D184 is immediately adjacent to the D3-D14 binding interface ( Figure S7 ). Given the similarity of D14 and KAI2, it is probable that KAI2 signalling via MAX2 operates through the same domains. Accordingly, we hypothesize that the kai2-10 phenotype results from localized disruption to the structure of KAI2 at or near to the putative MAX2-binding interface, strongly inhibiting complex formation. It is also possible that D184N could affect the binding of KAI2 to SMAX1 and/or SMXL2, although the protein regions involved in this presumed interaction are unknown.
Relatively few point mutants of D14 in planta have been described. Mutations within the lid domain include Atd14-5 (G158E), a strigolactone-insensitive variant that fails to interact efficiently with MAX2 in vitro, but, unlike KAI2 D184N, has a faster rate of GR24 hydrolysis than the wild type (Yao et al., 2016) . G158E is located in the second ahelix that undergoes rearrangement as the lid flattens against MAX2. It was proposed that the G158E substitution would interfere with the open-to-closed transition, and thus accelerate the release of GR24 reaction products from the active site (Yao et al., 2016) . In the case of KAI2 D184N, presumably the open-to-closed transition occurs normally, because D184N did not show drastic changes in enzymatic activity or ligand-induced thermal response. It is not known if AtD14 G158E is stably expressed in planta. Indeed, it would be of interest to know whether D14 exhibits the same apparent degree of hypersensitivity to amino acid substitutions as KAI2, as this might yield insight into how and why the mechanisms of receptor degradation differ. In this vein, a systematic series of conservative lysine-to-glutamic acid substitutions in D14 appeared to be well tolerated, at least when expressed transiently in rice protoplasts (Hu et al., 2017) .
The KAI2 D184N degradation response is ligand specific
The degradation of KAI2 D184N provides insight into the order of events during KAI2 signalling. KAI2 degradation must take place after ligand hydrolysis, because the hydrolytically inactive S95A and ligand binding-deficient A219V variants do not degrade (Waters et al., 2015a; Lee et al., 2018) , but the hydrolytically functional D184N variant does. None of these variants are competent to signal, however, at least in terms of triggering physiological changes, such as hypocotyl growth, suggesting that degradation is an independent event that is not triggered by the activation of SCF MAX2 . If so, this would explain why a functional MAX2 protein and ubiquitination are not required for KAI2 degradation (Waters et al., 2015a) . Therefore, KAI2 degradation is triggered by ligand binding and/or catalysis (i.e. nucleophilic attack and/or hydrolysis), but is not a direct consequence of signalling per se.
The degradation of KAI2 D184N in planta was hypersensitive to KAR 2 , but not to GR24 ent-5DS and dYLG. This is a surprising observation because all three ligands are bioactive through KAI2, and previous studies have not revealed any consistent differences in plant responses to these compounds. For example, karrikins are slightly more effective than GR24 ent-5DS and are 10 times more effective than rac-GR24 in promoting germination of primary dormant Arabidopsis seed (Nelson et al., 2009; Scaffidi et al., 2014) , but are equivalent inhibitors of hypocotyl elongation (Conn and Nelson, 2015) . The D184N mutation might affect the shape of the pocket, which in turn might enhance the affinity of KAI2 for KAR 2 , but not for other ligands. A related possibility is that by changing the shape of the pocket and/ or lid flexibility, the D184N mutation allows ligands of different sizes to induce different conformational states in the protein, which in turn differ in their susceptibility to degradation. Alternatively, our data could indicate that karrikins and other butenolides with a strigolactone-like structure activate KAI2 in different ways. This notion could help explain crystal structures that report differing positions of KAR 1 with respect to the active site (Guo et al., 2013; Xu et al., 2016) . Based on the inactivity of KAI2 S95A, it was proposed that the hydrolytic function of KAI2 is necessary for the response to karrikins and GR24 ent-5DS in planta, which has been interpreted to mean that karrikins operate through the same catalytic mechanism of nucleophilic attack as SLs Waters et al., 2015b) . It remains possible, however, that karrikins bind away from the catalytic site and bypass the hydrolytic mechanism altogether. If the catalytic relay comprised by the Ser-HisAsp triad is non-functional, then the protein might be unable to undergo the ligand-induced conformational change, regardless of how this change is induced. In the absence of further information, it still remains unclear exactly how karrikins activate KAI2. At least with ligands such as GR24 ent-5DS and dYLG, KAI2
undergoes a conformational change that results in thermal destabilization, as reported by DSF. Presumably, this destabilization is recognized by the cell, and triggers KAI2 to be degraded. There is still no obvious explanation as to why karrikins can induce a conformational change that is readily recognized by the cell in vivo, but entirely undetectable by DSF in vitro, however. One possibility is that karrikins require enzymatic modification prior to interacting with KAI2. Whatever the mechanism for proteolysis of KAI2 might be, it appears to be acutely sensitive to non-native protein conformations, given that: (i) most kai2 mutant alleles do not generate a stable protein in planta, but several could be expressed successfully in Escherichia coli ( Figure S5 ); and (ii) the D184N variant is especially unstable in the presence of KAR 2 . Additional experimentation, perhaps using KAI2 D184N as a tool, might be fruitful in uncovering the mechanism behind KAI2 degradation.
KAI2 and D14 exhibit opposite preferences for YLG and dYLG
The fact that KAI2 and D14 mediate specific responses to quite different sets of compounds -karrikins and SLs -is well established. The hydrolysis assays and biological assays with YLG and dYLG presented here suggest that KAI2 and D14 have essentially opposite preferences for otherwise very similar compounds, however: a single methyl group can dramatically alter the kinetics of hydrolysis. KAI2 performed very poorly with YLG in hydrolysis assays, and relatively weakly in DSF, and overall YLG was a weak inhibitor of hypocotyl elongation, which is primarily a KAI2-mediated response. We hypothesize that YLG is largely inactive through AtD14 in terms of the inhibition of hypocotyl elongation because AtD14 does not work efficiently with SMAX1 and SMXL2, which regulate this aspect of growth (Stanga et al., 2013 (Stanga et al., , 2016 . In contrast, YLG is active through AtD14 in terms of the inhibition of shoot branching because AtD14 does work efficiently with SMXL7 and its paralogues (Soundappan et al., 2015; Tsuchiya et al., 2015; Wang et al., 2015) . Regardless of the mechanism, it is clear that the absence of the butenolide methyl group yielded a substrate that was much more active with KAI2 both in vitro and in vivo.
A particularly curious observation from our hydrolysis assays was that AtD14 was very active upon dYLG. Superficially this would imply that dYLG is a very good substrate for AtD14, but this contradicts the fact that dYLG is only weakly active through AtD14 in biological assays (Figure 6 ). How can this contradiction be resolved? First, the hydrolysis kinetics for AtD14 was very different for dYLG and YLG: even at 50 lM dYLG, AtD14 was not saturated, whereas the bioactive YLG saturated at much lower concentrations ( Figure 5 ). This finding suggests that the enzyme K m values and bioactivity are closely (and inversely) related. Second, all reported natural SLs and active SL analogues have a 4 0 -methylated butenolide-ring (Xie, 2016) . This feature is a structural consequence of the biosynthetic precursor carlactone, which is methylated in this position (Alder et al., 2012) . In agreement with the chemistry of these natural compounds, SL analogues that lack the butenolide methyl group are not bioactive (Boyer et al., 2012; de Saint Germain et al., 2016) . We suspect that the butenolide methyl group of YLG is essential for the formation of the covalent intermediate with D14 that is required for signalling and complex formation with MAX2 or D3 (de Saint Germain et al., 2016; Yao et al., 2016) . Formation of a covalent reaction intermediate necessarily slows down the enzyme rate, because this intermediate must be released before another round of catalysis can occur. It also accounts for the rapid saturation of the enzyme. We hypothesize that dYLG cannot interact with AtD14 in the same way as YLG to form the covalent intermediate and trigger the lid domain to close; evidently, however, dYLG is still susceptible to nucleophilic attack and hydrolysis. Therefore, with dYLG, AtD14 quickly releases the products of the hydrolysis reaction, so overall the hydrolysis rate increases. Consistent with this hypothesis, similar experiments with the fluorescent analogue GC-242 and its desmethyl derivative showed that although RMS3 (the pea orthologue of D14) could hydrolyse the desmethyl compounds successfully, and more rapidly than GC-242, the desmethyl compounds were not bioactive in shoot branching inhibition (de Saint Germain et al., 2016) .
In summary, ligand hydrolysis and ligand-induced degradation of KAI2 are independent processes that can occur without concomitant downstream responses. A signalling-positive but hydrolysis-negative variant of KAI2 (or D14) has yet to be described, so current evidence suggests that catalytic attack upon the ligand is essential for signalling. Likewise, there is no KAI2 mutant that can signal but that fails to degrade, so it is not yet clear if receptor degradation is required for KAI2-dependent signalling. Nevertheless, the propensity of KAI2 for proteolysis suggests that the process is biologically significant. The timing of events downstream of KAI2 is not well understood, at least in terms of the proposed degradation of SMAX1/ SMXL2; however, strigolactone perception by D14 leads to degradation of D53/SMXL7 on a timescale of minutes (Jiang et al., 2013; Zhou et al., 2013; Wang et al., 2015) , whereas the degradation of D14 itself takes place over a period of hours (Chevalier et al., 2014; Hu et al., 2017) . We therefore expect that receptor turnover provides a means to modulate signalling during development, rather than a requirement for signalling per se. To our knowledge, the ligand-induced degradation of receptors for other plant hormones has not been reported. Auxin, gibberellin and cytokinin, for example, all bind their receptors non-covalently, and dissociate from the receptor after signalling (Tan et al., 2007; Murase et al., 2008; Hothorn et al., 2011) . Notwithstanding the uncertainty regarding karrikins, it is likely that KAI2 ligands also bind covalently to the receptor active site, thus abrogating the possibility of ligand dissociation and receptor recycling after activation. Instead, the enzyme-receptor mechanism of D14, and presumably KAI2, seems to require a precisely controlled mechanism for removing 'spent' receptors, potentially improving signalling sensitivity and dynamics (Wang and Smith, 2016) .
EXPERIMENTAL PROCEDURES Plant material and growth conditions
Mutants described previously are as follows: kai2-2 (Ler) and Atd14-1 (Col-0) ; kai2-2 (Col-0) (Scaffidi et al., 2014) ; kai2-2 Atd14-1 (Ler) (Waters et al., 2015b) ; kai2-4 (Umehara et al., 2015) . Unless otherwise stated, plants were grown on halfstrength (0.59) Murashige and Skoog (MS) medium [pH 5.9 and solidified with 0.7% (w/v) agar] under long-day conditions (16-h day/8-h night cycle at 22/16°C, with light provided by fluorescent lamps emitting 100-120 lmol photons m À2 s
À1
). Details of mutagenesis screens are provided in Appendix S1.
Hypocotyl elongation assays
Hypocotyl elongation assays under red light were performed as described elsewhere 
Plant protein extraction and immunoblotting
Procedures for the extraction and quantification of soluble proteins were carried out as described previously (Waters et al., 2015b) . To allow proteins to be visualized under UV light, 12% acrylamide gels were cast containing 1% (v/v) 2,2,2-trichloroethanol as a UV-activated dye and imaged with Bio-Rad GelDoc EZ system (http://www.bio-rad.com). Immunoblotting procedures and the generation of the anti-KAI2 antibody were described previously (Waters et al., 2015a) .
KAI2 degradation assays and cycloheximide treatments
Degradation assays were performed as described previously using 250-ml glass Erlenmeyer flasks (Waters et al., 2015a) . For cycloheximide (CHX) treatments, seedlings were grown on plates for 7 days and transferred to 25 ml of liquid 0.59 MS medium in 250-ml flasks. Twenty-four hours later, seedlings were treated by the addition of 25 ll of 300 mM CHX solution dissolved in dimethyl sulfoxide (DMSO) or 25 ll of DMSO alone.
Protein expression and purification
The D184N variant was generated by site-directed mutagenesis of pSUMO-AtKAI2 using oligonucleotides JY009 and JY010 (Table S1 ). All proteins were expressed in BL21 Rosetta DE3 pLysS cells (Novagen, now Merck Millipore, http://www.merckmillipore.c om) and purified as described previously (Waters et al., 2015b) . Details of expression and purification of MBP fusion proteins are given in Appendix S1.
Differential scanning fluorimetry
Differential scanning fluorimetry was performed as described previously (Waters et al., 2015b) . Reactions (10 ll) contained 20 lM protein, 20 mM HEPES, pH 7.5, 150 mM NaCl, 1.25% (v/v) glycerol, 59 SYPRO Tangerine dye (Molecular Probes, now ThermoFisher Scientific, https://www.thermofisher.com) and 5% (v/v) acetone. Means of four technical replicates were calculated for each of three sets of reactions using Microsoft EXCEL. The mean of each set was then calculated, and curves were generated using GraphPad PRISM 7.0 (GraphPad Software, https://www.graphpad.com). Ligand-induced thermal shifts were quantified by inspecting the first derivative of fluorescence over temperature at the proteinspecific melting temperature, which was determined from the melting curves of each protein in the absence of any ligand. Each experiment was performed at least twice, using different protein batches.
Hydrolysis assays with YLG and dYLG
All components were warmed to ambient temperature (24°C). Recombinant protein was diluted into hydrolysis buffer (100 mM HEPES, pH 7.0, 150 mM NaCl). For each reaction, 90 ll of this mixture was dispensed into a 96-well plate (cat. 655900; Greiner BioOne, https://www.gbo.com). YLG/dYLG substrate (from 10009 stocks dissolved in DMSO) was diluted into the reaction buffer. With a multichannel pipette, 10 ll of substrate/buffer solution was added to the plate, which was loaded immediately onto a Fluostar Optima microplate reader (BMG Labtech, https://www.bmglabtec h.com). A parallel set of samples comprising buffer alone with no protein was used to determine the background rate of substrate hydrolysis. After an initial mixing step, fluorescence measurements (excitation 480 nm; emission 520 nm) were taken every 3 min for a total of 30 min. Fluorescence curves were inspected visually for a linear increase in fluorescence, and this time period (usually 9 min) was used to determine the change in fluorescence per minute, after the subtraction of background hydrolysis. Kinetic parameters (K m and V max ) were determined using non-linear regression implemented in GraphPad PRISM.
Transcript analysis
Seed was surface-sterilized, sown on solidified 0.59 MS medium and stratified at 4°C in the dark for 72 h. Plates were incubated for 7 days under long-day conditions, as described above. Using a spatula, triplicate samples of approximately 50 seedlings were transferred to 12-well culture plates (Corning Costar 3513; http:// www.corning.com) containing 3 ml of liquid 0.59 MS medium per well. The culture plates were returned to the same growth conditions and shaken at 70 rpm. After 24 h, the medium was removed by pipette and replaced with fresh medium containing 1 lM YLG or dYLG, or an equivalent volume (0.1%) of DMSO. The plates were incubated for a further 2 h with shaking, before the medium was removed, the seedlings harvested and blotted dry, and the seedlings frozen in liquid nitrogen. The tissue was ground to a fine powder using a bead mill. Total RNA was extracted using the Sigma Spectrum Total Plant RNA kit (Sigma-Aldrich, https://www. sigmaaldrich.com). Procedures for cDNA synthesis and quantitative PCR were described previously ; the primers are listed in Table S1 .
Statistical analysis
One-way and two-way ANOVAs were implemented in Graphpad PRISM using appropriate post hoc tests (Dunnett's test for comparisons with untreated controls or Tukey's test for all pairwise comparisons). Where relative gene expression values varied by more than two orders of magnitude across the data set (i.e. for DLK2), data were log 10 -transformed prior to ANOVA.
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